We report the observation and manipulation of hydrogen atoms beneath the surface of a Pd{111} crystal by using low-temperature scanning tunneling microscopy. These subsurface hydride sites have been postulated to have critical roles in hydrogen storage, metal embrittlement, fuel cells, and catalytic reactions, but they have been neither observed directly nor selectively populated previously. We demonstrate that the subsurface region of Pd can be populated with hydrogen atoms from the bulk by applying voltage pulses from a scanning tunneling microscope tip. This phenomenon is explained with an inelastic excitation mechanism, whereby hydrogen atoms in the bulk are excited by tunneling electrons and are promoted to more stable sites in the subsurface region. We show that this selectively placed subsurface hydride affects the electronic, geometric, and chemical properties of the surface. Specifically, we observed the effects of hydride formation on surface deformation and charge and on adsorbed hydrogen on the surface. Hydrogen segregation and overlayer vacancy ordering on the Pd{111} have been characterized and explained in terms of the surface changes attributable to selective hydrogen occupation of subsurface hydride sites in Pd{111}.
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atomic manipulation ͉ catalysis ͉ palladium ͉ hydrogen ͉ scanning tunneling microscopy T he ability to manipulate single atoms on a surface was first realized in 1989 by Eigler and coworkers (1) (2) (3) (4) . They used the tip of a low-temperature scanning tunneling microscope (LT-STM) operating at 4 K to position Xe atoms on Pt and Ni surfaces. The same group then demonstrated that this system could also function as an ''atomic switch,'' in which a Xe atom was reversibly moved between stable positions on the tip and Ni surface by using voltage pulses, producing two distinct conductance states (5) . These experiments sparked much interest amongst the scientific community and the public, as they demonstrated the possibility of obtaining atomically precise control of materials. Here we report the observation and manipulation of hydrogen atoms beneath the surface of a Pd{111} crystal by using LT-STM.
The interaction of hydrogen with Pd is of fundamental importance to many industrial processes such as catalysis, fuel cells, hydrogen storage, and metal embrittlement (6, 7) . For this reason, the adsorption and absorption of hydrogen by Pd has been the subject of much experimental and theoretical work (6, (8) (9) (10) (11) (12) (13) (14) . It is known that hydrogen can occupy subsurface sites that are stable absorption sites below the topmost surface layer of Pd atoms. These sites are hypothesized to be important intermediates between hydrogen atoms on the surface and in the bulk (6, (11) (12) (13) (14) . Several important chemical reactions are thought to involve subsurface hydrogen in Pd, such as hydrogenation of furan (15) , hydrodesulfurization of thiophene (16) , and alkene hydrogenation by Pd nanoparticles (17, 18) . Therefore, this aspect of the system is of particular importance in terms of understanding the catalytic properties of Pd.
Temperature programmed desorption, photoelectron spectroscopy, and neutron and He atom scattering data have provided indirect evidence for hydrogen occupying stable subsurface sites (6, (11) (12) (13) (14) 19) . These studies have indicated that the subsurface site is thermodynamically more stable than the bulk site and is of comparable stability to surface-bound hydrogen. High-resolution electron energy loss spectroscopy studies attempting to detect vibrational modes associated with subsurface hydrogen have proven ineffective because any vibration from subsurface hydrogen would be screened by Pd valence band electrons (19) . Theoretical studies have predicted that subsurface hydrogen will preferentially occupy the octahedral interstitial sites over the tetrahedral interstitial sites (10, 20, 21) . Paul et al. (21) have shown theoretically that charge transfer occurs between hydrogen in the subsurface sites and the surface Pd atoms, which leaves the surface Pd atoms with net positive charge and the subsurface hydrogen atoms with net negative charge. Theoretical studies also have predicted that upward relaxation of the surface Pd atoms accompanies occupancy of subsurface sites by hydrogen (10, 21, 22) .
Salmeron and coworkers (8, 9) have studied adsorbed hydrogen on Pd{111} with LT-STM. In this study, we investigated subsurface H in Pd{111}. We also present data on the effect of subsurface hydrogen in Pd{111} on surface-bound hydrogen atoms. Surface hydrogen segregation and vacancy ordering have been observed, and both effects have been rationalized in terms of hydrogen occupation of subsurface sites in Pd{111}. Our results demonstrate the possibility of tailoring the local surface properties of Pd{111} by selectively populating the subsurface sites with hydrogen atoms.
Materials and Methods

STM.
The experiments presented in this report have been conducted by using a custom-built, low-temperature, ultrastable, extremely high vacuum STM that has been described in detail elsewhere (23) . All STM topographic images have been recorded at 4 K in constant-current mode with a mechanically cut Pt͞Ir (85%͞15%) tip. All biases in the STM images refer to the sample bias. Differential conductance images have been acquired by using a lock-in amplifier (model SR830, Stanford Research Systems) to monitor directly the differential conductance (dI͞ dV) by modulating the bias with an ac amplitude of 4 mV (rms) at 1,000 Hz and recording with a 10-ms time constant. Topographic and differential conductance images were acquired simultaneously. Also of note, the STM is sufficiently stable to keep the STM tip positioned at a single atomic site for hours or days at a time.
Palladium Crystal Preparation. The single crystal Pd{111} surface (MaTecK, Juelich, Germany) was cleaned by repeated cycles of Ar ϩ sputtering (1,000 eV, I sample ϭ 5 A) at 873 K for 15 min, followed by oxygen treatment (873 K, 1.0 ϫ 10 Ϫ5 torr O 2 backfill for 5 min; 1 torr ϭ 133 Pa) and annealing in vacuum (1,100 K for 10 min). Pd{111} cleanliness was assessed with STM, and we typically observed Ͻ0.003% surface impurities and Ͻ1% subsurface impurities. Salmeron and coworkers (24) characterized three types of subsurface impurities, namely C, O, and S and demonstrated that each had a distinct image contrast. We also routinely observe these subsurface species consistent with their data, but in this article we characterize a fourth subsurface species, which we assign as subsurface hydrogen. Atomic hydrogen on the Pd{111} surface was obtained by dosing molecular hydrogen onto the Pd crystal at temperatures between 30 and 100 K. In this temperature range, hydrogen molecules readily dissociate on Pd{111} but do not easily desorb from or absorb into the Pd crystal (9) .
Results
Features Associated with Subsurface Hydrogen. The Pd{111} surface was pretreated with hydrogen at exposures of Ϸ1,000 Langmuirs and then cleaned in vacuum using sputtering, annealing, and oxygen treatments. The oxygen treatments and final high-temperature anneal (Ϸ1,200 K) remove hydrogen from the topmost Pd layers but leave small amounts of atomic hydrogen throughout the bulk (25) . From knowledge of the amount of H to which the crystal previously had been exposed, we were able to estimate the average hydrogen population in the bulk to be Ϸ1 H for every 2,000 Pd atoms. However, a sizable amount of hydrogen in the bulk is located in the near-surface region; therefore, the hydrogen concentration in this region before treatment was expected to have been higher than this estimate (6) . When this system was imaged at 4 K, surface features were formed by moving the tip over the surface at bias voltages of either polarity greater than 0.5 V. It was not possible to create these features with bias pulses applied to the tip if the crystal had not been preexposed to hydrogen. Fig. 1 shows images of an area of the surface where the tip had traced lines at a variety of currents and bias voltages and then imaged the same area at low sample bias (Ϫ0.025 V). The features created by this treatment measured 20-60 Å in width and 0.1-0.6 Å in topographic height, depending on the tunneling gap conditions used to create them. Comparing line scans over the features, we note that at a particular current (50 pA in Fig. 1B) , positive biases created slightly wider (40 Å in line 5 compared with 30 Å in line 8 at 0.6 V) and topographically higher (0.45 Å compared with 0.40 Å at 0.6 V) lines, and that increasing current at a set bias increased the width and apparent height of the features.
When imaging the surface at high resolution in differential conductance mode, we could resolve the hexagonal array of surface Pd{111} atoms. The Pd atoms located more than 10 Å away from the hydride features were imaged as expected for a close-packed metal surface ( Fig. 1 A Upper Inset) . Fig. 1 A Lower Inset shows a differential conductance image of part of the hydride feature, and again we obtained atomic resolution, but the hexagonal array of surface Pd atoms appeared distorted over the feature. By simultaneously recording topographic and differential conductance images, we were able to deconvolute the effects of topography and electronic structure (26) . The differential conductance images taken over the feature at negative biases appeared as depressions relative to the surrounding surface, and we determined a 3% reduction in differential conductance signal in these depressions. For positive sample bias, the differential conductance images appeared as protrusions (positive bias data not shown), and a 2-3% enhancement in differential conductance signal was observed. As the differential conductance was measured very close to the Fermi level (Ϯ18 mV), these changes indicate that the surface Pd atoms over the feature have a depleted filled local density of states just below the Fermi level and an enhanced unfilled local density of states just above the Fermi energy, consistent with theoretical predictions for the subsurface hydride.
Several groups have predicted on theoretical grounds that occupancy of the subsurface octahedral site leads to outward relaxation of the Pd lattice of up to 0.2 Å (10, 21, 22 ). From our topographic images, we observed relaxations of this order (0.1-0.6 Å). The distorted surface atom positions apparent in the differential conductance images also indicate that this is not as simple as a direct upward relaxation but that the surface atoms distort both laterally and normally to the surface around areas of subsurface hydrogen occupancy. The bias contrast in the differential conductance images also is consistent with the features originating from subsurface hydrogen. Paul and Sautet (21) predicted that, in a completely filled octahedral subsurface layer, the Mulliken charge of the subsurface hydrogen atoms is Ϫ0.3e, and that of the surface Pd atoms is ϩ0.3e. This charge transfer is consistent with our differential conductance measurements, which show that the Pd atoms above the subsurface hydrogen sites have a depleted filled state and an enhanced empty state density around the Fermi level. Fig. 2 shows a schematic of the crystal before (Fig. 2 A) and after (Fig. 2B ) population of the subsurface sites with hydrogen. Schematics of the corresponding potential energy diagrams (one-dimensional) for the H-Pd interaction are shown for each case. Theoretical studies have predicted a variety of shapes and energies for these curves; we have chosen the form that ref lects the consensus of the current literature describing the energy levels of the bulk, subsurface, and surface-bound hydrogen (11, 12, 20, 22, (27) (28) (29) .
When tunneling at biases in the ranges that populate subsurface sites with hydrogen (0.5 to 1.0 V and Ϫ0.5 to Ϫ1.0 V), the mean free path of the electron in clean Pd is Ϸ1,500 Å (30); our observed hydride features (minimum widths are 20 -60 Å) were substantially smaller than this. We posit that tunneling electrons propagating from the tip into the crystal (or vice versa at negative sample bias) scatter inelastically from hydrogen atoms in the bulk. This hypothesis is supported by the work of Ceyer and coworkers (31) , in which high-resolution electron energy loss spectroscopy was used to detect the vibrational modes of H atoms embedded in a Ni crystal. From their spectra, they concluded that vibrational modes of H atoms in the bulk were unambiguously distinguishable from surface-bound H, and that these modes were excited by impact scattering of the electrons. Therefore, we believe that in our system impact scattering events excite vibrations and thereby mobilize subsurface hydrogen; the subsequent relaxation redistributes the hydrogen atoms in the vicinity at both biases, and some of the hydrogen atoms become trapped by the local energy minimum of the subsurface site (Fig. 2) . This work of Ceyer and coworkers (31) demonstrated that hydrogen atoms in the bulk can serve as electron scattering centers; the subsurface hydrogen can thereby reduce the inelastic mean free path of the tunneling electrons. Therefore, we can infer that tunneling electrons excite hydrogen atoms from shallower depths than expected for the inelastic mean free path for clean Pd, enabling the unexpectedly fine hydride feature control observed in our system. As shown in the following section, it was also possible to image and to manipulate hydrogen atoms on the surface (ref. 8 and L.C.F.-T., E.C.H.S., S.U.N., and P.S.W., unpublished data).
We have never observed the conversion of subsurface hydrogen to surface-bound hydrogen atoms after creating such features on clean Pd; therefore, we conclude that the bulksubsurface barrier is more easily overcome than the subsurface-surface barrier. The magnitude of the subsurfacesurface barrier is disputed greatly in the theoretical literature, with values ranging from 0.1 to 0.5 eV (8, 11, 12, 20, 22, (27) (28) (29) . We attempted to ''erase'' hydride features by using a variety of current and voltage pulses; however, none successfully redistributed the subsurface hydrogen. This result was expected because all theoretical studies predict subsurface sites to be substantially more stable than the bulk sites are (8, 11, 12, 20, 22, (27) (28) (29) . Although the subsurface sites are the most stable sites for hydrogen, when we start the experiment, the vast majority of these sites are unoccupied. At 4 K, the system is in a metastable state with hydrogen atoms in the bulk, but neither on the surface nor in the stable subsurface sites (after the treatment described). When the features were produced via occupation of the stable subsurface sites, the system was then in a more stable state; hence, the features could not be erased.
We also attempted to record inelastic electron tunneling spectroscopy (IETS) of the subsurface hydrogen but did not observe any losses attributable to subsurface hydrogen. This finding is also expected because valence band electrons screen dipole-active hydrogen vibrations underneath the surfaces of metals (19) .
Effect on Surface Adsorbates. Subsurface hydrogen has been thought to inf luence the ordering and structure of adsorbates on Pd{111}. Previous variable temperature STM work from Salmeron and coworkers (32) found that oxygen adsorbed on Pd{111} formed (2 ϫ 2)-O islands, which upon adsorption of hydrogen at 150 K compressed to (͌3 ϫ ͌3)-O structures. Annealing the Pd surface to 210 K caused the (͌3 ϫ ͌3)-O structure to revert back to the (2 ϫ 2)-O structure. They attributed their findings to hydrogen dissolution into subsurface sites. In Fig. 3 , we present STM topographic images where the effects of subsurface hydrogen on an adsorbed hydrogen layer were observed directly. The upper images (Fig. 3 A and   Fig. 2 . Schematic of the effect of populating subsurface sites with hydrogen atoms from the bulk. (A) The surface and subsurface (SS) regions are free of hydrogen on the clean crystal, whereas the bulk contains some residual hydrogen. (B) After applying a bias pulse with the tip, some of the bulk hydrogen segregates to more stable sites in the subsurface region. The surface Pd atoms relax upwards, changing the local topography, and there is a dipole created that leaves the surface Pd atoms electron deficient with respect to their surroundings. A potential energy diagram (one-dimensional) that depicts the relative stability of a hydrogen atom in each of the three regions is shown above each schematic. B) show a low coverage of hydrogen (Ϸ0.1 monolayer); Fig. 3A was acquired before hovering the tip over the center of the area at a sample bias of ϩ0.7 V and a tunneling current of 50 pA for 1 min; Fig. 3B was acquired after this tip-hovering. At low coverage (Ͻ0.33 monolayer), individual hydrogen atoms can appear as protrusions or as depressions on Pd{111}, depending on the tip state (33, 34) . We have imaged hydrogen atoms as both protrusions and depressions at low coverage; however, for clarity in this data set we only present images in which hydrogen atoms appeared as protrusions. These images show that where the tip was located during hovering, a large protrusion (denoted by the circle in Fig. 3B ) surrounded by hydrogen atoms (small protrusions; one example is indicated by a left-pointing arrow in Fig. 3A ) remained afterward. We attribute the large protrusion to hydrogen atoms having populated the subsurface hydride sites. As discussed above, the occupation of subsurface sites causes surface electronic density redistribution (10, 21, 35) , concurrent with Pd top-layer relaxation (10, 21, 22, 28, 35) . These two processes increase the stability of the subsurface sites relative to the surface sites (13) . When hydrogen populates subsurface sites, it appears to make the surface sites directly above unstable for hydrogen adsorption. The surface hydrogen atoms move away from this area toward neighboring areas where stable surface adsorption sites remain.
At higher coverage (Ͼ0.33 monolayer), hydrogen atoms form (͌3 ϫ ͌3)-1H, (͌3 ϫ ͌3)-2H, and 1 ϫ 1 structures on Pd{111} (8, 11, 12, 20, 22, (27) (28) (29) . Salmeron and coworkers (8) demonstrated that vacancies in the 1 ϫ 1 structure also appear as protrusions. Fig. 3C depicts the highest coverage regime in which we also image vacancies in a (1 ϫ 1)-H overlayer as protrusions (an example is indicated by a right-pointing arrow). Hovering the tip at ϩ0.7 V sample bias and a tunneling current of 200 pA for 2 min aggregates these vacancies in the (1 ϫ 1)-H overlayer in a (͌3 ϫ ͌3)-vacancy structure, which also can be thought of as a (͌3 ϫ ͌3)-2H structure (Fig. 3D) . During tip-hovering, the surface hydrogen atoms under the tip moved away to more favorable surface sites as subsurface hydrogen atoms were drawn into position. This hydrogen atom movement created vacancies in the area where the tip was hovered, while at the same time it annihilated the overlayer vacancies that were away from the tip-hovering area. Hydrogen motion away from this area produced the observed vacancy motion and aggregation that yielded the observed structures.
The effect of subsurface hydrogen on the segregation of hydrogen atoms and aggregation of vacancies is explained schematically in Fig. 4 . The upper part of Fig. 4 contains a schematic illustrating the segregation of hydrogen atoms. When the tip hovered over the center of the area at ϩ0.7 V, it induced upward diffusion of hydrogen from the bulk. These hydrogen atoms then occupied subsurface sites, causing a change in the electronic density distribution (21) and upward surface relaxation of Pd top layer (12, 21, 22) . The depleted filled states in the Pd atoms of the top layer present unfavorable sites for hydrogen adsorption. Therefore, the surface hydrogen atoms adsorbed in this area moved to more favorable surface sites. Analogously, the lower part of Fig. 4 depicts vacancy aggregation. As the tip hovered over the center of the area at a sample bias of ϩ0.7 V, it induced motion of hydrogen from the bulk, which caused electronic density redistribution and surface outward relaxation of the Pd atoms in the top layer. Once again, this area is unfavorable for adsorbed hydrogen, causing depletion of surface hydrogen in this region, and allowing the vacancies to form a stable (͌3 ϫ ͌3) Fig. 4 . Schematics depicting the process through which hydrogen atom segregation occurs. The STM images are taken from Fig. 3. (A and B) At low coverage, subsurface hydride sites are filled, the electronic structure of the overlying surface is changed, and its geometric structure is distorted; Surface hydrogen moves away from the sites above. (C and D) At high coverage, subsurface hydride sites are filled, the electronic structure of the overlying surface is changed, and its geometric structure is distorted. Surface hydrogen forms a lower density (͌3 ϫ ͌3)-2H structure over the subsurface hydride as overlayer hydrogen atoms move away; the surrounding areas retain (1 ϫ 1)-H overlayer structures.
structure. Some hydrogen atoms remained on the tip-hover area because of the high surface coverage, but their packing density was reduced; the (͌3 ϫ ͌3) vacancy structure is known to contain interstitial hydrogen atoms (ref. 8 and L.C.F.-T., E.C.H.S., S.U.N., and P.S.W., unpublished data). This effect was not observed when the crystal was free of bulk hydrogen. The direct observation of hydrogen segregation and overlayer vacancy ordering demonstrates a link between the hydrogen atoms in the Pd{111} subsurface sites and their effect on the adsorption sites of hydrogen atoms on the Pd{111} surface.
Conclusions
We have observed and controlled the formation of subsurface hydrogen in Pd{111} at 4 K. The apparent topographic heights of the features are consistent with theoretical predictions of the upward relaxation of the surface Pd atoms, and differential conductance imaging verified theoretical predictions that the subsurface hydride depletes the surface Pd atoms of charge. We have demonstrated a method for creating regions of subsurface hydride, and we offer this as a method for investigating the interactions of molecules with this important subsurface hydride species. We propose a mechanism whereby tunneling electrons with sufficient energy inelastically excite and thus mobilize hydrogen atoms from the bulk to populate stable subsurface hydride sites.
A direct link between hydrogen occupancy of these subsurface sites in Pd{111} and the stability of surface-bound hydrogen atoms on Pd{111} has been observed. Surface hydrogen atoms segregate away from the area where subsurface hydrogen causes topographic and electronic perturbations. Hydrogen overlayer vacancies aggregate over the same area in a (͌3 ϫ ͌3) structure. These effects are a consequence of subsurface hydride formation, which causes changes in the electronic structure of the Pd top layer and Pd surface relaxation that decrease the stability of the surface adsorption sites for hydrogen atoms.
